In this report, a Gaussian-modulated coherent state quantum key distribution (GMCS QKD) system implemented in telecom wavelength is investigated. This is the first experimental demonstration of one-way GMCS QKD over kilometers of standard telecom fiber. We achieved system performance that would result in a secrete key rate of > 10kb/s of a reverse reconciliation protocol under realistic assumptions.
proof of GMCS QKD against the most general type of attack is still pending, security against individual attacks has already been proved [7] [8] . The simplicity of using coherent states, which requires no squeezing, and the potentially high transmission efficiency offered by the GMCS QKD make it highly attractive for the practical implementation.
The scheme of GMCS QKD is as follows. Alice generates two independent sets of random numbers x and p with a Gaussian distribution (with a mean of zero and a variance of V A N 0 , where N 0 denotes the shot-noise variance, which is used as a reference for all noise levels remainder of the following calculations). The fact that both x and p are Gaussian random numbers allows an optimal information rate through a Gaussian noisy channel [9] . The x and p components represent amplitude quadrature and phase quadrature, which are non-commuting (but continuous) observables. Alice draws two random numbers x A and p A from their Gaussian distribution sets and sends the coherent state |x A + ip A > to Bob. Bob randomly chooses to measure either the amplitude (x) or phase (p) quadrature with homodyne detection. After the transmission of quantum signals, Bob informs Alice which quadrature he measured through an authenticated public channel. Alice drops irrelevant data (the quadrature information which Bob did not choose to measure) and shares a set of correlated Gaussian variables (called the 'raw key') with Bob. Alice and Bob then publicly compare a random sample of their raw key to evaluate the error rate and transmission efficiency of the quantum channel. From the observed correlations, Alice and Bob evaluate the amount of information I AB shared between them and the maximum information Eve may have obtained (I AE and I BE ). With the reverse reconciliation algorithm [10] [11], it is known that Alice and Bob can, in principle, distill a common secret key from their raw key with a rate of [6] (if the channel transmissions and noises and the signal variances to be the same for x and p) 
min is the minimum conditional variance Eve can get about Bob's measurement re-
Eve can control everything. However, it is reasonable to assume that Eve cannot access to Bob's equipment (called 'realistic strategy') [6] , in which case
introduced by channel line losses; N hom is the noise due to the loss in Bob's system (including homodyne detector and other components). Therefore, the theoretical key rates achievable with reverse reconciliation protocol for the general (∆I G ) and the realistic (∆I R ) cases are:
expressed in bits/symbol.
We remark that the "excess noise" ǫ used here is refereed to the input (or Alice's side). This is different from the "excess noise" used in several recent papers [12] [13], where the "excess noise" is the one observed at Bob's side.
Our all-fiber-based continues variables QKD system using Gaussian-modulated coherent states is shown in Figure1. Alice first generates 100ns wide pulses from a continuous wave laser diode emitting at a wavelength of 1550 nm with an amplitude modulator, driven by a function generator. The repetition rate is set to be 100kHz. These pulses go into the polarization beam splitter (PBS) and are split into the strong local oscillator pulses (typically 10 8 photons/pulse) and the weak signal pulses (typically 100 photons/pulse). For Gaussian-modulated coherent state QKD protocol, the required modulating pattern is a two dimensional Gaussian distribution centered on zero, with a customizable variance V A , which is typically set to V A ≈ 40. A higher V A is preferred for perfect reconciliation algorithm, while in practice, when the signal noise ratio is low, a small V A will improve the efficiency of a realistic reconciliation algorithm [6] .
To ensure the security of the system, random Gaussian distribution numbers are generated by a physical quantum random number generator (Quantis from id quantique). Signal pulses are continuously modulated in amplitude and phase with a computer-driven electro-optics amplitude and phase modulator (AM&PM). The length of the transmission fiber between Alice and Bob is 5km.
One of the significant problems in the previous continuous-variables QKD demonstrations is the crosstalk between the local oscillator and the signal [13] [14] . Typically, there is a 60dB intensity difference between the local oscillator and the signal pulses. In [7] [14], separate channels are used to avoid the crosstalk. This is not practical over long distances because it is difficult to maintain constant polarization and phase in two different channels, especially in fiber. Acousto-optical modulators (AOMs) are used in our system for frequency multiplexing in addition to polarization multiplexing (typically has an extinction ratio of 20-30dB). On Bob's side, the weak signal and the local oscillator are separated by a PBS. The local oscillator's leakage due to low extinction ratio of the PBS can be filtered out since it has a different frequency from the signal and the local oscillator. As to our knowledge, this novel frequency-multiplexing scheme has never been used in QKD experiments before. Bob uses his phase modulator (PM)
to randomly choose to measure either the x quadrature or p quadrature with the homodyne detector.
The detection technique used for GMCS QKD protocol is the balanced homodyne detection. Compared with photon-counting technique used in single-photon QKD protocols, the homodyne detectors have a higher efficiencies (typically 60 ∼ 80%) than the single photon detectors (typically 10 ∼ 20%). To achieve balanced homodyne detection, the DC optical powers impinging upon the photodiodes are required to be equalized, which means the coupler has to have a stable and accurate 50/50 splitting ratio. Ideally, a tunable polarization-maintaining (PM) fiber pigtailed coupler can be a solution. We actually use a computer controlled attenuator (VOA) to automatically compensate for the difference in splitting ratio and polarization dependent drift. Although the implementation of VOA helps to balance the DC signal, its insertion losse will decrease the efficiency of the homodyne detection. The current efficiency of the homodyne detection is about 53%, which includes the efficiency of the photodiodes (78%), the fiber connection losses and the insertion loss of the VOA (68%). To enhance the information rate, losses within the homodyne detector can be reduced by replacing the attenuator with a bending fiber loop. Moreover, all the connections can be spliced to yield less loss. A low noise charge sensitive amplifier is used to amplify the balanced signal [16] . The electronic noise of our homodyne detector is 16 dB below the shot noise (N 0 ) when the local oscillator is about 10 8 photons/pulse, which means the homodyne detector would introduce 0.025N 0 electronic noise and therefore is tolerable (shown in Figure2).
Our QKD system is based upon two asymmetric Mach-Zender interferometers (AMZI). A feedback control system is applied to auto-compensate the phase drift introduced by the air flow or temperature. Each burst of signal pulses is multiplexed with several brighter test pulses. Alice and Bob modulate only the signal pulses, but leave the test pulses unmodulated. Therefore, the interference of the test pulse is used to detect any phase drift and provide a feedback signal to rebalance the double AMZI. The feedback system is automated and can operate continuously over long periods without recalibration.
A burst of 80,000 pulses were sent from Alice to Bob, which was split into 80 independent small blocks. Each block, typically 1, 000 pulses, consists of 50 synchronization pulses and 950 data pulses. These synchronization pulses can also be used to estimate the channel parameters (gain, excess noise and relative phase). The total 76,000 data pulses were analyzed during testing. 37,950 of them were measured in x quadrature while 38,050 of them were measured in p quadrature. Figure3 illustrates the correlations between Alice and Bob's x (37,950 data points) and p (38,050 data points)quadratures.
Note, when Alice modulates the signals, the variance observed by Bob can be described as
In the other hand, if the input signal is vacuum, then the variance of Bob's detection is
From the above two equations, the "excess noise" ǫ can be determined by
Experimentally, with a 5km fiber between Alice and Bob, the variances of the corresponding Since in our experimental setup η=0.53, β=0.523, G line =0.794, we have G = 0.22. The calculated ǫ x = 0.299 and ǫ p = 0.305. From Eq (5), we are able to achieve 0.155 bits/pulse. With a repetition rate of 100kHz, the key rate is 15.5kbits/s.
Our setup is the first one-way fiber-based GMCS QKD system over a practical long distance using conventional telecom components. Our system is relatively stable due to the elaborate phase feedback control and the entire setup does not need to be isolated from the external perturbations. We used a novel frequency-multiplexing scheme to increase the extinction and was able to transmit the strong local oscillator and weak signal through the same fiber channel.
In summary, our continuous-variables QKD system is the first practical fiber-based oneway continuous-variables QKD demonstration and is able to achieve a sifted secret key rate of 15.5kbits/s over a transmission distance of 5km fiber. When the intensity of the local oscillator is less than less 10 5 photons/pulse, the electronic noise is dominating. For 10 8 photons/pulse, the variance of shot noise is 16dB higher than the electronic noise. 
